We report here the quantitative detection of Vibrio cholerae toxin (CT) in isolates and stool specimens by dynamic monitoring of the full course of CT-mediated cytotoxicity in a real-time cell analysis (RTCA) system. Four cell lines, including Y-1 mouse adrenal tumor cells, Chinese hamster ovary (CHO) cells, small intestine epithelial (FHs74Int) cells, and mouse adrenal gland (PC12-Adh) cells, were evaluated for their suitability for CT-induced cytotoxicity testing. Among them, the Y-1 line was demonstrated to be the most sensitive for CT-mediated cytotoxicity, with limits of detection of 7.0 pg/ml for purified CT and 0.11 ng/ml for spiked CT in pooled negative stool specimens. No CT-mediated cytotoxicity was observed for nontoxigenic V. cholerae, non-V. cholerae species, or non-V. cholerae enterotoxins. The CT-RTCA assay was further validated with 100 stool specimens consecutively collected from patients with diarrhea and 200 V. cholerae isolates recovered from patients and the environment, in comparison to a reference using three detection methods. The CT-RTCA assay had sensitivities and specificities of 97.5% and 100.0%, respectively, for V. cholerae isolates and 90.0% and 97.2% for stool specimens. For stool specimens spiked with CT concentrations ranging from 3.5 pg/ml to 1.8 ng/ml, the inoculation-to-detection time was 1.12 ؎ 0.38 h, and the values were inversely correlated with CT concentrations ( ‫؍‬ ؊1; P ‫؍‬ 0.01). The results indicate that the CT-RTCA assay with the Y-1 cell line provides a rapid and sensitive tool for the quantitative detection of CT activities in clinical specimens.
V
ibrio cholerae is a Gram-negative, comma-shaped, bacterial pathogen causing cholera, an acute secretory diarrheal disease. Epidemic cholera is common in developing countries and affects about 100,000 people annually (1) . Cholera toxin (CT) is a major virulence determinant of V. cholerae, leading to rapidly progressing dehydration, shock, metabolic acidosis, and even death within hours without adequate and appropriate therapy (2) . CT is a key biomarker of V. cholerae that is used for forecasting and assessing epidemic disease, monitoring and controlling cholera outbreaks, preventing epidemics, and guiding medical personnel in providing timely treatment of patients. There has been urgent demand for the development of novel sensitive assays for the detection and identification of CT proteins.
Conventional biochemical and immunological methods for CT detection and identification can be completed only after V. cholerae is isolated. The bacterial isolation and subsequent CT detection and identification are laborious and usually require several days, resulting in significant delays in patient care and disease control (3, 4) . In addition, classic CT determinations require the use of either animal methods (5, 6) or tissue culture methods (7, 8) , which are also time-consuming and are subjective in the interpretation of results. Efforts have been made recently to develop more-sensitive methods, including enzyme-linked immunosorbent assays (9) , latex agglutination assays (10) , coagglutination assays (5), liposome-based assays (9, 11) , radioimmunoassays (12) , hydrogel-based immunoassays (13) , monosaccharide-and antibody array-based assays (14) (15) (16) (17) , PCR-based molecular assays (10, (18) (19) (20) (21) , and biosensor-based assays (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . A reliable laboratory tool is desirable for clinical services and epidemiological investigation, to characterize CT activities rapidly and quantitatively.
A real-time cell analysis (RTCA) system (ACEA Biosciences, San Diego, CA) uses electric impedance sensor-based technology for dynamic real-time monitoring of the status of adherent cells in response to a broad range of physiological and pathological manipulations (32, 33) . The RTCA system has been used for labelfree, dynamic measurements of cytotoxicity induced by toxins and for monitoring of morphological changes resulting from cell adhesion and spreading processes (34, 35) . This technology has been applied as an alternative cytotoxicity assay for the identification of Clostridium difficile toxins (36, 37) . Here we developed a rapid quantitative assay for detection and identification of functional CT by using the RTCA system. The diagnostic validity of this assay was determined with a panel of V. cholerae isolates and stool specimens collected from patients with diarrhea with clinically suspected cholera.
(This study was presented in part at the 112th General Meeting of the American Society for Microbiology, San Francisco, CA, 16 to 19 June 2012.)
MATERIALS AND METHODS
Bacterial strains, toxin, and antibodies. Reference strains used in this study, including toxigenic V. cholerae, nontoxigenic V. cholerae, non-V. cholerae species, and a panel of diarrhea-causing microbial pathogens, were obtained from the American Type Culture Collection (ATCC) (Ma-nassas, VA) ( Table 1 ). All of the strains were cultured with standard microbiological procedures, as described previously (38) . Purified V. cholerae type Inaba 569B (catalog no. 100B), heat-labile (catalog no. 165B), Shiga (catalog no. 161), and diphtheria (catalog no. 150) toxins were purchased from List Biological Laboratories (Campbell, CA). C. difficile toxin A and B were purchased from EMD Chemicals, Inc. (Gibbstown, NJ). Cholera toxin with the maximal degree of purity (catalog no. C8052) and cholera toxin-neutralizing antibody (catalog no. C3062) were purchased from Sigma-Aldrich (St. Louis, MO).
Cells, culture, and maintenance. Chinese hamster ovary (CHO) cells (ATCC CCL-61), small intestine epithelial (FHs74Int) cells (ATCC CCL-241), and mouse adrenal gland (PC12-Adh) cells (ATCC CRL-1721.1) were cultured and maintained according to protocols suggested by the ATCC. Y-1 mouse adrenal tumor cells (ATCC CCL-79) were cultured and maintained in Kaighn's modification of Ham's F-12 medium (F-12K) supplemented with final concentrations of 2.5% fetal bovine serum (FBS) and 15% horse serum (F-12K growth medium). Culture flasks (75 cm 2 ; Corning Inc., Lowell, MA) were precoated with 0.002% (wt/vol) poly-Llysine (PLL) (P4707; Sigma-Aldrich, St. Louis, MO) for 10 min at room temperature and then were rinsed once with Dulbecco's phosphate-buffered saline (DPBS). Cells were cultured at 37°C with 5% CO 2 in F-12K growth medium.
V. cholerae isolates and processing. V. cholerae isolates were recovered from patients and environmental samples between March 1995 and October 2005, in the Zhejiang Provincial Center for Disease Control and Prevention. All isolates were thawed and subcultured in Craig's medium as described previously (39, 40) , and culture supernatants were collected, filtered with 0.22-m filters (Millex-GP; Millipore, Billerica, MA) at room temperature, diluted with DPBS with 0.1% bovine serum album (BSA) at a 1:5 ratio, and stored at 4°C prior to the RTCA assay (see below).
Clinical stool specimens. Liquid, soft, or semisolid stool specimens were collected from patients with suspected cholera at local hospitals and the Zhejiang Provincial Center for Disease Control and Prevention between June 2004 and May 2011. Stool specimens were thawed, and 5% (wt/vol or vol/vol) suspensions were prepared in 1-ml aliquots of DPBS with 0.1% BSA. The suspensions were pelleted, and supernatants were diluted with DPBS with 0.1% bovine serum albumin (BSA), at a 1:5 ratio, prior to the RTCA assay (see below).
RTCA system. The RTCA system (xCELLigence; ACEA Biosciences, San Diego, CA) was used for CT detection according to the manufacturer's instructions, as described previously (36) . Cells were thawed, trypsinized, and resuspended in the F-12K growth medium. Cell numbers were counted and adjusted to a concentration of 1.5 ϫ 10 5 cells/ml in F-12K medium. For each well of the PLL-precoated 96-well E-Plate, 100 l of the cell suspension was added. The cell-loaded 96-well E-Plate was sealed and incubated for 16 to 24 h at 37°C in the RTCA system until Ն90% cell confluence was reached, as detected by visual examination. Two wells were used for each tested sample, in the absence and presence of CT-neutralizing antibody (5% [vol/vol] in DPBS with 0.1% BSA). The antibody was mixed with the sample at a ratio of 1:1 (vol/vol), incubated for 30 min at 37°C, and then added to the wells of the 96-well E-Plate. CT-mediated cytotoxicity was continuously monitored and recorded every 3 min for up to 25 h by the RTCA system.
The cell electrode impedance was expressed using an arbitrary unit, cell index (CI), and was analyzed by the integrated software (32) (33) (34) (35) . A normalized cell index (nCI) was calculated for each test well at a given time point, which was the last measurement time point prior to treatment (36, 41) . A sample was called positive for CT when (i) the nCI value decreased from 1 to less than 0.8 (20% decrease) and (ii) the nCI decrease was completely blocked by a CT-neutralizing antibody. The toxin concentration for a sample was quantified using a calibration curve as described previously, with minor modifications (36) . In brief, a series of 2-fold dilutions (from 3.5 pg/ml to 1.8 ng/ml) of purified CT were made in DPBS with 0.1% BSA. CT concentrations were derived by using the time points at which the nCI dropped by 20% and performing a nonlinear regression (36) .
Cell morphological analysis. The Y-1 cells were viewed at a time point at which a significant CI change was detected during the continuous monitoring by the RTCA system. The real-time status of the Y-1 cells in the 96-well microplate incubated with purified CT was monitored with an inverted phase-contrast microscope and photographed with an integrated digital camera (Nikon Eclipse TE 2000-U system with Nikon ACT-1 version 2.62; Nikon Corp., Japan). To visualize the cell morphology at the time point with the minimum nCI value, the F-12K culture medium was completely removed, and cells were stained using a Reastain Quick-Diff kit (Reagena International Oy Ltd., Toivala, Finland), according to the manufacturer's instructions. After the wells were air-dried at room temperature, the cells were viewed with a Cellvista system (Roche Applied Sciences, Indianapolis, IN). Real-time PCR. For reference strains and clinical isolates, 1 ml of alkaline peptone water medium (BD, Sparks, MD) containing 10 5 to 10 6 colonies of V. cholerae was prepared and nucleic acids were extracted by using a Genomic-tip 20/G kit (Qiagen, Inc., Valencia, CA), according to the manufacturer's instructions. For stool specimens, nucleic acids were extracted from 200 l of 5% (wt/vol or vol/vol) stool in DPBS by using a QIAamp DNA stool minikit (Qiagen, Inc.), according to the manufacturer's instructions. The extracted DNA was resuspended in 200 l of elution buffer, and 5 l was used for nucleic acid amplification. A Primer Design quantification real-time PCR kit, purchased from Primer Design Ltd.
(Southampton, United Kingdom), was used to detect the cholera toxin B gene according to the manufacturer's instructions (42) . A calibration curve was established by plotting cycle threshold (C T ) versus gene copy number using 7500 FAST sequence detection system version 1.4 software (Life Technologies, Foster City, CA). Reversed passive latex agglutination. Detection of CT by a V. cholerae enterotoxin and E. coli heat-labile enterotoxin reversed passive latex agglutination (VET-RPLA) kit (Oxoid, Remel, Lenexa, KS) was performed in triplicate, according to the manufacturer's instructions. Briefly, 25-l aliquots of seven processed stool or isolate supernatants diluted 2-fold were added to a 96-well microtiter plate. After 25-l samples of sensitized latex and latex control were added, the 96-well microtiter plate was incubated for 20 h at room temperature, with a lid, and results were analyzed according to the manufacturer's instructions (10, 18) . Positive, negative, and blank controls were included in each run.
Data analysis.
A combination reference standard was defined as two or more matching results among the real-time PCR, VET-RPLA, and CT-RTCA results. The diagnostic sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of the CT-RTCA assay were determined. The Spearman correlation was calculated to evaluate the relationship between the CT concentration and the inoculationto-detection time (IDT). Odds ratios (ORs), 95% confidence intervals, and r, , and P values were calculated by using SPSS version 13.0 software (SPSS Inc., Chicago, IL), and P values of Յ0.05 were considered statistically significant.
RESULTS
Four cell lines, i.e., CHO, FHs74Int, PC12-Adh, and Y-1, were tested for cytotoxicity induced by CT. When cells entered the relatively stable CI phase, a series of CT concentrations ranging from 0.22 ng/ml to 18.0 g/ml were tested. No concentration-or timedependent responses of CT were observed in the CHO and PC12-Adh lines (Fig. 1A and B) . In contrast, the nCI curves of the FHs74Int and Y-1 lines showed distinct dose-response relationships ( Fig. 1C and D) . After seeding, the cell growth pattern of the FHs74Int line was unstable, showing a rapid increase in CI during the first 5 h followed by a gradual decrease in the nCI curve. For Y-1 cells, the nCI curve of the blank control remained stable, while the nCI responses showed dose-and time-dependent decreases after CT treatment (Fig. 1D) . The CT-mediated cytotoxicity in the RTCA assay was confirmed by neutralization of the toxic effects by CT-neutralizing antibodies. These data revealed that the Y-1 line was suitable for monitoring of quantitative CT-mediated cytotoxicity in the RTCA system.
To determine the analytical specificity of the CT-RTCA assay, a panel of diarrhea-related pathogens and toxins were tested. Y-1 cell morphological changes detected by the RTCA assay were ob- (Table 1) induced no morphological changes in Y-1 cells at concentrations of 90 ng/ml. E. coli heat-labile toxin induced morphological changes in Y-1 cells; however, the cytotoxic effect was not neutralized by CT-neutralizing antibody (data not shown).
The analytical sensitivity of CT detection in the RTCA system was determined using purified CT diluted in DPBS with 0.1% BSA and in 5% pooled CT-negative stool specimens. CT concentrations ranged from 3.5 pg/ml to 1.8 ng/ml, with each toxin concentration being tested in triplicate ( Fig. 2A) . When a 20% decrease in the nCI was used as the cutoff value, the limits of detection were 7.0 pg/ml for toxin diluted in DPBS-BSA and 0.11 ng/ml for toxin diluted in pooled negative stool samples. The IDT correlated significantly with toxin concentrations, resulting in dose-and timedependent curves ( Fig. 2A) . Fast cell death kinetics (reduction of nCI) were observed in the samples with high CT concentrations, indicating a nonlinear relationship between IDT and CT concentrations. Among positive concentrations ranging from 0.11 to 18.0 ng/ml spiked in pooled negative stool specimens, the average IDT was 1.12 h, with a standard deviation of 0.38 h. The CT concentration (y) was derived by using the equation y ϭ 0.8387x Ϫ0.3045 , where x is the IDT in hours (R 2 ϭ 0.986, P ϭ 0.001) (Fig. 2B) .
We further assessed the dynamic morphological changes of the Y-1 line in response to five CT concentrations, i.e., 0.11, 0.22, 0.45, 0.9, and 1.8 ng/ml, with inverted phase-contrast microscopy, using rounding of Y-1 cells as the indication of CT-mediated cytotoxicity. When 1.8 ng/ml and 0.9 ng/ml concentrations of purified CT were inoculated, cells started to change morphology at approximately 1 h and 1.25 h, respectively, and 95% of cells became rounded at 2.25 h. Limited numbers of cells were rounded at 2.25 h with 0.45 ng/ml, and no cell morphological changes appeared for CT at 0.22 to 0.11 ng/ml or the blank control (data not shown). These results indicated that the reduction of nCI detected by the RTCA system occurred earlier and was more sensitive than the CT-induced morphological changes.
A total of 200 V. cholerae isolates and 100 clinical stool specimens were used to determine the validity of the CT-RTCA assay for CT detection ( Table 2 ). The representative positive and negative results determined according to the aforementioned criteria are shown in Fig. 3 . The CT-RTCA assay detected CT in 77 (38.5%) isolates and in 29 (29.0%) stool specimens. The means and standard deviations of IDT for CT-positive isolates and stool specimens determined by the CT-RTCA assay were 0.53 Ϯ 0.25 h and 0.89 Ϯ 0.51 h, respectively, which corresponded to toxin concentrations of 41.22 Ϯ 96.21 ng/ml and 19.90 Ϯ 64.10 ng/ml, respectively, based on the conversion formula described above.
In comparison with the combined reference standard, the sensitivities, specificities, PPVs, and NPVs of the CT-RTCA assay were 97.5%, 100.0%, 100.0%, and 98.4% for V. cholerae isolates 2 ϭ 17.33, P Ͻ 0.0001) were significantly higher than those of real-time PCR (Table 2) .
DISCUSSION
Advances in biotechnology over the past decades have led to the development of genomic and proteomic methods for the detection and characterization of pathogenic toxins (31) . In this study, we report for the first time the use of real-time, dynamic, CTmediated cytotoxicity monitoring of cell lines for detecting and identifying CT activities. Among the four cell lines being used for CT characterization, we revealed that the Y-1 cell line was the most sensitive for detection of CT-mediated cytotoxicity.
The differences in clinical manifestations caused by CT-producing and non-CT-producing V. cholerae are substantial; there- fore, development of a laboratory tool to detect and to identify CT quickly and accurately is desirable for controlling and preventing V. cholerae-related epidemic diseases (43, 44) . The CT-RTCA system had a sensitivity of 97.5% and a specificity of 100.0% when V. cholerae isolates were tested. Mostly important, the assay can be used directly on stool specimens, with a slightly decreased sensitivity of 90.0% and a specificity of 97.2%. When the assay is applied in clinical diagnosis and/or epidemiological investigations, confluent Y-1 cells can be prepared in advance to decrease the test turnaround time. In our study, most of the stool specimens containing CT were detected by the CT-RTCA assay within 2 h after inoculation. With a cell culture facility, the CT-RTCA system represents a rapid, sensitive, and easy-to-use tool for functional detection of cholera toxin in a real-time manner. A new integrated portable system is being developed to facilitate implementation of the CT-RTCA assay in routine clinical laboratories without cell culture facilities. In addition to detection and characterization, the RTCA system may provide quantification of CT existing in samples. Our data indicated that the IDT correlated significantly with toxin concentrations, resulting in dose-and time-dependent curves. The correlation between time and CT concentrations was not linear, as the fastest cell death kinetics (reduction of nCI) were observed in the samples with the highest CT concentrations, while much slower kinetics were observed in specimens with lower CT concentrations (Fig. 2B) . CT concentrations can be derived from a formula based on the IDT values by using nonlinear regression. In a previous study, a similar formula was used to estimate C. difficile toxin concentrations in stool specimens, to assess disease severity and therapeutic responses (36) . To our knowledge, there is no evidence to support the utility of quantitative measurements of CT for prediction of clinical courses or outcomes or for clinical decision-making when treating patients with cholera. A large clinical study is being designed to explore whether the CT concentrations derived from IDT values for stool specimens can be used as clinical monitoring markers.
Y-1 cell morphological changes observed with an inverted phase-contrast microscope were compared with the nCI reductions detected by the RTCA system. Rapid steep nCI reductions appeared in parallel with fast morphological changes observed by microscopy at the high CT concentration. However, for CT concentrations lower than 0.45 ng/ml, no visible cell morphological changes occurred until 2 h after inoculation. These results demonstrated that CT-induced cytotoxic events were initiated earlier than visible cell morphological changes, suggesting that the RTCA system is a quicker and more sensitive tool for detection of functional CT in given specimens.
The RTCA system provides a real-time and continuous tool to monitor dynamic changes in toxin-mediated cytotoxicity. It is a very different approach than conventional endpoint cytotoxicity assays and immunological tests. The RTCA assay is based on a dynamic process of interactions between living cells and pathogenic toxins in real time (32) ; therefore, it might be used to study different pathogenic mechanisms for individual toxins, resulting in different outputs (2) . We noted that both C. difficile toxin and cholera toxin resulted in cell rounding, but different nCI curves were produced. The C. difficile toxin, an actin-modifying adenine dinucleotide protein-ribosyltransferase, not only impairs the structure of the actin cytoskeleton in epithelial cells but also promotes the adherence of pathogens by changing the formation of microtubule-based protrusions on the surface of the epithelial cells (45) . From previous studies (36) , when the C. difficile toxin was inoculated into HS27 cells in the absence of neutralizing antibodies, the nCI decreased gradually from 1.0 to 0. When the cellular responses were monitored continuously for more than 40 h, the nCI remained constantly at its lowest level. These results demonstrated that the HS27 cells were killed as a result of the presence of the C. difficile toxin. In contrast, cholera toxin only provokes loss of water and electrolytes in epithelial cells, disrupting both cell attachment and cell-cell contact, while it does not cause cell death (46) . At the concentration of 0.11 ng/ml, the nCI returned to 0.8 by approximately 11 h after treatment and continued increasing slowly (data not shown).
Three technical modifications were used in the RTCA system to enhance the detection of CT-mediated cytotoxicity. First, we used PLL to coat tissue culture flasks, which improved cell adherence and CI values. PLL is commonly used to facilitate cell attachment, spreading, and growth in cell culture (33, 47) . Y-1 cells spread evenly on the PLL-coated surface, and the cell growth indicated by CI values was much quicker than that on uncoated plates (data not shown). Second, we shortened the monitoring interval to every 3 min for CT assessment and recording in the RTCA system. Consequently, the IDT was shortened, especially for samples with higher CT concentrations. Finally, we optimized the cell concentration for inoculation in each well, in order to shorten the time to the stable-CI phase.
In summary, we report the use of the RTCA system for quantitative detection of functional V. cholerae toxin by real-time monitoring of CT-mediated cytotoxicity. The RTCA assay is demonstrated to be a powerful reliable tool as a potential alternative for the diagnosis of cholera, because of the reasonably high throughput, efficient data acquisition rate, and satisfactory stability, reproducibility, and ease of handling. The assay reported here might be applied to monitor epidemic trends and therapeutic responses. In addition, this system can be further adapted to screen a panel of diarrhea-related toxins by using mixed sensitive cell lines.
